This study explores both theoretically and experimentally the human perception of polarized light beyond that currently established. The radial analyser theory of Haidinger's phenomenon (HP) is used to predict the effect of observing visual stimuli comprising patterned zones characterized by orthogonal planes of linear polarization (linear polarization direction fields, LPD-fields). Any pattern can be represented as an LPD-field including optotypes and geometric forms. Simulated percepts differ from the original patterns although edges are mostly preserved. In edge-rich images a cross of attenuating contrast spanning the field of view is predicted.
a b s t r a c t
This study explores both theoretically and experimentally the human perception of polarized light beyond that currently established. The radial analyser theory of Haidinger's phenomenon (HP) is used to predict the effect of observing visual stimuli comprising patterned zones characterized by orthogonal planes of linear polarization (linear polarization direction fields, LPD-fields). Any pattern can be represented as an LPD-field including optotypes and geometric forms. Simulated percepts differ from the original patterns although edges are mostly preserved. In edge-rich images a cross of attenuating contrast spanning the field of view is predicted.
The mathematical model is verified experimentally using a liquid crystal display (LCD)-based polarization modulator imaged through a tangential (azimuthal) analyser with properties complementary to a radial analyser. The LCD device is then used in vivo to elicit perceptual responses in human subjects. Normal humans are found to readily detect spatially and temporally modulated isoluminant spatiallyisochromatic, highly polarized LPD stimuli. Most subjects match the stimuli to corresponding images of theoretically predicted percepts. In particular edge perception and the presence of the contrast cross was confirmed. Unlike HP, static patterned LPD stimuli are perceived without difficulty.
The simplest manifestation of human polarization perception is HP which is the fundamental element of an open set of stimulus-dependent percepts. This study demonstrates that humans have the ability to perceive and identify visual pattern stimuli defined solely by polarization state modulation.
Ó 2015 Elsevier Ltd. All rights reserved.
Introduction
The ability to detect and respond to polarized light (polarization sensitivity) is widespread in the animal kingdom (reviewed in Horváth, 2014) and is sufficiently advanced in some species to have a prominent role in visual perception (Cronin et al., 2003) . The characteristics of polarization sensitivity are diverse and based on different species-dependent mechanisms (Wehner, 2001) .
True polarization vision has been defined as the ability to discriminate between different degrees and/or directions of linear and/or elliptical polarization (Nilsson & Warrant, 1999) combined with complex behavioural responses (Marshall & Cronin, 2011) . The behavioural component to polarization vision further differentiates it from polarization sensitivity which is associated with stereotyped behavioural responses (e.g. navigation). Polarization vision exists in some cephalopods (Shashar, 2014) and arthropods in which polarization-sensitive photoreceptors and corresponding neural architecture compares and processes light polarizationspecific neural activity (Heinze, 2014) . The differentiation between polarization vision and sensitivity is discussed by Wehner (2014) .
The current understanding of human polarization sensitivity is that it is rudimentary and limited to Haidinger's phenomenon (HP) (e.g. Helmholtz, 1924; Stanworth & Naylor, 1955) . HP can be perceived by most humans with normal vision when observing a uniform field of linearly polarized white light. It appears as faint orthogonal yellow and blue hour-glass-shaped images (Haidinger's 'brushes') radiating 1-1.5°from the point of fixation (Helmholtz, 1924; Stanworth & Naylor, 1955) .
Numerous explanations of HP have been proposed (reviewed in Horváth & Varjú, 2004; McGregor et al., 2014; Zhevandrov, 1995) , but the radial analyser hypothesis (Helmholtz, 1924) result from selective absorption of linearly polarized light by radially symmetric macular structures. Differences in the azimuth of linear polarization are converted into a luminance change within the anatomical layers of the macula. The luminance change is then detected by the underlying polarization-insensitive photoreceptors.
The spectral characteristics of HP correspond to the absorption of macular pigment with a well defined peak around 460 nm (Bone, 1980; Naylor & Stanworth, 1954; Vries et al., 1953) . It is not seen at wavelengths >520 nm. Evidence for the role of pleochroic macular pigment in the generation of HP is strong (Bone & Landrum, 1992; Snodderly, Auran, et al., 1984; Snodderly, Brown, et al., 1984) although the precise mechanism has yet to be determined (McGregor et al., 2014) .
HP fades rapidly due to temporal retinal adaptation (the Troxler effect) (Helmholtz, 1924) . Visibility of HP is therefore enhanced by using a mechanically rotating polarizer and blue light when the yellow brushes appear as dark images (Stokes, 1883) perpendicular to the polarization axis and rotating against a blue background. Other ways of inducing temporal change in the homogenous polarization field include blinking and rotation of the head (eyes).
Disruption of macular architecture by diseases such as age related macular degeneration and diabetic retinopathy obliterate HP (Goldschmidt, 1950; Stanworth & Naylor, 1955) . The detection of HP has therefore been proposed as a diagnostic tool. However, the use of HP in a clinical setting has been limited by its faintness, low contrast, continuously variable intensity, and the lack of availability of adequate diagnostic devices.
HP, which is generated by a uniform polarization field, is continuously variable in appearance and lacks abrupt luminance discontinuities (edges). This is not an ideal visual stimulus as the human visual system is particularly sensitive to edges in an image. We therefore hypothesise that non-uniform isoluminant, spatially isochromatic field stimuli in which there are abrupt changes in linear polarization between adjacent areas (polarization contrast) will generate a percept with luminance edges that are more readily detected than HP. In this context, spatially isochromatic refers to a constant waveband throughout the field of view. Although observed in animals (Cartron et al., 2013; Cronin et al., 2003; Pignatelli et al., 2011; Sabbah & Shashar, 2006; Shashar & Cronin, 1996) to date polarization contrast sensitivity has not been described in humans.
This study aims to advance the understanding of human perception of polarization. A mathematical model, based on radial analyser theory, is developed to predict human macular perception of isoluminant non-uniform polarization fields. The theoretical predictions are tested using a physical model which is then developed into a device for in vivo evaluation.
Theory and predictions
A mathematical model based on the transmission properties of a uniform field of monochromatic linearly polarized light through a radial analyser provides an analytic description of HP (Misson, 1993 (Misson, , 2003 . This model is here extended to predict the appearance of non-uniform linear polarization fields when seen by human eyes with an intact macula. In the present study the polarization fields, which have a constant degree of linear polarization (p, such that p > 90%) but vary in their E-vector azimuths (direction of polarization), will be referred to as linear polarization-direction fields (LPD-fields).
In the following discussion consistency with previous work is maintained by using the terminology of 'polarizer' and 'analyser' i.e. the first and last polarizing elements respectively in a train of optical components. The analyser is so-called because it translates ('analyzes') polarization into luminous intensity.
Radial analyser theory
The radial analyser model of HP is based on Malus' law for a perfect linear polarizing component where the normalised transmitted output intensity for a linear analyser is given by
where b (Fig. 1) is the angle between the plane of polarization of incident linearly polarized light (azimuth a) and the axis of the analyser (azimuth h). For a perfect radial analyser (n, Fig. 1 ) the transmitted output intensity along a radial component OR at azimuth h from the plane of polarization is I R ða; hÞ ¼ cos 2 ðh À aÞ ð 2Þ
For a non-uniform LPD field (Fig. 2) , a is a function of position relative to the geometric centre of the analyser and can be expressed in Cartesian coordinates a(x, y), or polar coordinates a(r, h). These functions will be referred to as polarization base functions (PBF).
The general expression for light transmission at a point with radius r relative to the centre of the radial analyser and at azimuth h anticlockwise from horizontal is I R ðr; hÞ ¼ cos 2 ðh À aðr; hÞÞ Cða; HÞ ¼
where H can be interpreted as the angle of the tangent to any point on the boundary. I 1 and I 2 are transmission intensities of the areas on either side of the boundary (Fig. 3) .
Contrast is zero (I 1 = I 2 ) when H = a þ
and normalised transmitted intensities become
e. 50% transmission). Contrast then rises rapidly such that it is greater than 0.25 for more than 84% of the area of the curve shown in Fig. 3 implying that edges will be visible at most orientations. Contrast is greatest,
(n = 0, 1, 2, 3,...).
Radial analyser transformation of a polarization base image
The intensity-modulated image generated by observing nonuniform LPD fields through a radial analyser as predicted by Eqs. (3), (4) can be demonstrated graphically (Figs. 4 and 5) . Fig. 5a -d shows the resulting transmission patterns for uniform linear polarization input fields at different orientations. Fig. 4 shows how a simple patterned polarization field ( Fig. 4c ) with a discrete edge can be formed by taking two identical uniform horizontally polarized (a = 0) fields (Fig. 4a) . One field is rotated resulting in it being vertically polarized (a = p/2). The left half of the first field is then combined with the right half of the rotated field. The corresponding radial analyser simulation (Fig. 4d) can be generated by the same operation on the uniform field simulation (Fig. 4b) . The same result can be obtained by performing the operation, I R (r, h) on the bisected field ( 
Experiment 1: verification of theory
Isoluminant spatially-isochromatic polarization patterns are generated using a modified LCD observed through a tangential (azimuthal) analyser (Fig. 6 ). The tangential analyser is a commercially available device that differs from a radial analyser in that its preferred directions of transmission are tangential rather than radial. Images generated by transmission through a tangential analyser are the complement (negative) of those generated by a radial analyser, but are otherwise identical. Suitable PBFs are chosen to define test fields consisting of adjacent areas of orthogonal polarization that meet at discrete boundaries (edges) such that a (r, h) or a(x, y) = {Àp/4, p/4}. The resultant images are then compared to corresponding theoretical simulations.
Method

Polarization base functions and simulations
The PBFs presented in Fig. 7 define polarization fields comprising patterns of adjacent linearly orthogonally polarized zones with discontinuous boundaries similar to those generated by image segmentation (Fig. 5 ). The PBFs in Fig. 8 have greater complexity. All PBFs were chosen to test the properties described in Section 2.2. Thus checkerboard (PBF03) and concentric circle (PBF04) patterns are edge rich and have different symmetries; random 'dots' (PBF06) minimise the effects of continuous edges; optotypes (PBF05) are edge-rich and are familiar visual test targets.
Simulations of the transmission of PBF defined LPD-modulated fields through linear (Eq. (1)) or radial analysers (Eqs. (3) and (4)) were performed using Patterns XL software (Ver 1.1 2014 KyberVision (2010 KyberVision ( -2014 ).
Experimental base image generation
Realizations of isoluminant, isochromatic LPD-modulated base images, as defined by the PBFs of Fig. 7 , were generated using a TFT LCD display from which the polarizer on the viewing surface had been removed (delaminated LCD, dLCD, Fig. 6 ). Similar modified LCDs have been used for animal studies (Pignatelli et al., 2011) . For the present experiments a 1.8 00 ; 128 Â 160 pixel display (viewable area 28 mm Â 35 mm, pixel width approximately 0.22 mm) was used in which the back polarizing filter was orientated with its principle axis at À45°. A greyscale value of 0 ('black') in the PBF therefore produces linearly polarized light with azimuth a = À45°whilst a = +45°is generated for a normalized maximum value of 1 ('white', greyscale value of 255). A further modification was the incorporation of a blue polymer sheet filter (LEE filter 075 'evening blue', Lee Filters, GB, peak transmission 440-460 nm) between the dLCD and its light source (F, Fig. 6 ). This location avoids confounding polarization effects due to the filter's intrinsic birefringence.
Standard polarimetric methods (Clarke & Grainger, 1971 p124 et seq) confirmed that the light emitted from the dLCD had a high degree of linear polarization (p > 80%) for both greyscale values used in the present experiments (0 and 255, a = ±45°). Although not used in the present study, it was noted that output polarization states for intermediate greyscale values were elliptical and ellipticity did not vary linearly with greyscale values. The luminance of the visible area was constant at 75 cd m À2 across the screen area.
There was no detectable fluctuation in luminous output with a 2 Hz alternating uniform polarization field (greyscale 0/255).
Physical model: imaging through linear and tangential analysers
The dLCD was imaged using a Nikon D90 camera (4288 Â 2848 pixel TIFF) fitted with a 60 mm Micro Nikkor macro lens (detector, Fig. 6 . Schematic diagram of experimental configurations. Light source S; colour filter F; delaminated liquid crystal display dLCD (dark back represents dLCD polarizer); linear/tangential analyser A; quarter-wave retarder R; lens L. In the experimental configuration of Section 3 the detector and L are a camera, R is omitted. In the in vivo experiments A is removed, R is used in control experiments, L is a correcting lens as required, and the detector is the eye. 
Results and discussion
Linear and tangential analyser simulations for PBFs 01-03 are presented in Fig. 7 . Simulations for PBFs 04-06 are presented in Fig. 8 . The output of linear polarization simulation is an intensity-modulated representation of the PBF where orthogonally polarized zones are respectively white (a = +45°) and black (a = À45°).
Linear and tangential analyser simulations are compared with corresponding experimentally captured dLCD digital images (Fig. 7) . Digital imagery of the dLCD output without an analyser showed uniform un-patterned illumination for all PBFs. Inspection of Fig. 7 clearly shows similarity between corresponding theoretical and experimental images.
There is preservation of the edges of PBFs throughout most of each transformed image. Maximum contrast occurs across edges that pass through the centre of the tangential analyser and are parallel/perpendicular to polarization axes as demonstrated in the circumferential PBF 04, Fig. 8 . There is a superficial resemblance between the PBF pattern and the transformed image because of edge preservation. However, on closer inspection, for the polarization plane orientations of the present simulations, transmitted light intensity is similar in opposite quadrants and complementary in adjacent quadrants. This is clearly demonstrated in the optotype simulation (Fig. 8, PBF05 ) where A and H are complimentary to Z and C. All tangential analyser simulations display division into quadrants by a grey cross concentric with the radial analyser. The cross is formed from a gradient of contrast. There is zero contrast (50% normalised intensity transmission) along an axis aligned ±45°to the axes of incident linear polarization. Contrast rapidly increases as predicted by Eq. (5) and shown in Fig. 3 . The grey cross persists when edges are disrupted as in the random-dot array simulation (Fig. 8 PBF06) . The behaviour of the grey cross with respect to orientation of incident polarization, pattern rotation, and pattern displacement is demonstrated in Fig. 9 . The orientation of the grey cross depends solely on the orientation of incident linearly polarized light (Fig. 9, column 1) , but is independent of the PBF pattern (Fig. 9 , column 2) and displacement (Fig. 9, column 3 ). The grey cross is a universal finding in all PBFs and is independent of the PBF pattern.
Experiment 2: human studies
Human perception of isoluminant spatially-isochromatic polarization stimuli was tested with the dLCD device. Viewing conditions were based on those optimum for perception of HP i.e. uniform blue illumination, a field of view greater than 3°radius. 
Methods
Participants
Fifteen adults (age 20-57 years, average 43 years, F:M = 9:6) were recruited after explanation and informed consent. All subjects had normal best-corrected visual acuities of LogMAR 6 0.0. Ametropes were within ±3 dioptres spherical equivalent. The experimental protocol/procedure conformed to the tenets of the Declaration of Helsinki. The dominant eye only was tested (right eye in all cases).
Apparatus
Human experiments were performed with the dLCD (Fig. 6 ) with either a blue filter as previously described, or a yellow filter which blocks wavelengths <475 nm (LEE filter 101 'yellow'). A further experiment was performed on three subjects with no filter. The device was enclosed in a light-proof housing with an observation window 20 cm from the dLCD into which optically isotropic glass lenses (L, Fig. 6 ) could be inserted to correct refractive error if required. The viewing distance from the eye to the observation window/correcting lens was 12 mm.
To differentiate detection of luminance changes from those due to polarization some observations were conducted with a 120 ± 15 nm ('quarter-wave') polymer retarder (R, Fig. 6 ) placed in the viewing path. The transparent colourless retarder was calibrated using a Babinet-Soleil compensator at a wavelength of 480 nm according to standard methods (Clarke & Grainger, 1971) . The retarder has no effect when orientated with principle axes parallel or perpendicular to the plane of dLCD polarization (QW0). When orientated at ±45°to the plane of dLCD polarization (QW45) the retarder converts incident linear polarization to circular polarization which is not detected by the macula (Misson, 1993) thereby distinguishing polarization from luminance.
Stimuli
Driving software was programmed to generate static and kinetic sets of stimuli defined by PBF01-06 of Figs. 7 and 8 as specified in Table 1 . Kinetic pattern-reversing stimuli consist of two complementary PBF patterns alternating at 2 Hz.
The viewing area of all stimuli of 28 mm Â 28 mm subtended 7.125°Â 7.125°at the centre of the viewing window (all subsequent angular measurements relate to this point). Each pixel subtends 0.063°(3.8 arcminutes) at the centre of the observation window so are within the range of normal human visual resolution. Although pixels were visible during testing this did not compromise image perception.
A printed test chart (Fig. 10 ) was used to determine subject discriminative ability. Three representations are shown for each PBF.
Patterns N, Q and R in Fig. 10 are linear simulations (base patterns); patterns P, O and S are radial with input a = ±45°(expected simulations); patterns T, U, and V are radial with input a = 0, 90°(alternative simulations). The alternative simulations are for a dLCD configuration not used experimentally and are used to determine rotational discrimination of the grey-cross.
Procedure
Experiments were conducted by one examiner using a standardised questionnaire in a room with ambient illumination of approx 100 lux. Subjects had not been previously tested with this or similar devices. A single testing session was performed and recorded for each subject. The time for each session varied from approximately 5-15 min. Subjects were tested with their natural (undilated) pupil size. Refraction was corrected for near viewing as required using isotropic glass trial lenses. Device parameters were as described previously (Section 3.1.2).
With the device in blue filter configuration, observers were instructed to fixate the centre of the target screen and asked if they could see an image other than a homogeneous screen (percept seen, Table 1 ). If an image was perceived the observers were then asked (1) to identify/describe the pattern or recognizable characteristics, (2) to compare the perceived image with a simulated image on the test card (percept identified) and (3) where relevant to state if a static cross was present (cross identified). Comments/ other observations were invited. The most readily perceived PBF, the kinetic and static checkerboard pattern PBF03, was presented without the retarder, with the retarder in the neutral 0/90°posi-tion (QW0) and with the retarder in the 45°position (QW45). PBF03 was then observed without retarder, but with the device in yellow filter configuration. Three subjects were asked to describe any percept generated by a device from which all coloured filters had been removed (white light configuration).
Results
All 15 subjects perceived the majority of both kinetic and static patterns with the device in blue filter configuration. The general appearance of the percept was a darker shaded image against a uniform blue background. Edges, if present, were prominent features. The percept was confined to a sub-area of the dLCD screen and moved with ocular fixation. All three subjects who observed the device in white light configuration reported percepts similar in form to, but fainter than, those seen with the blue filter. A faint yellow-blue percept was superimposed on the grey/white background. The colours of the percepts were those expected for HP with faint yellow corresponding to the darker images of the same PBF seen in blue filter configuration. Yellow/blue colour contrast was most prominent at edge boundaries. As with HP, the blue filter significantly enhanced perception of the polarization phenomena. The remainder of the study concentrated on the results from the device in blue filter configuration.
Responses of human subjects are summarised in Table 1 and results for individual stimuli are described below.
PBF01, uniform field: HP detection
All 15 subjects perceived kinetic HP observing an alternating uniform field. This contrasts with only 4 subjects detecting HP with a static uniform field stimulus in either polarization state (a = ±45°).
PBF03, checkerboard field: linear edge detection
The checkerboard pattern was detected by all 15 observers in both the static and kinetic modes (percept seen). In the kinetic case all subjects identified the 'expected image' (S on test chart, Fig. 10 ) as the most representative of their percept (percept identified). In the static case 13 subjects correctly identified the 'expected image'. The two remaining subjects chose the base image (R). Subjects reported that they could see 3-6 squares in horizontal or vertical orientation at any one time for both static and kinetic cases. This corresponds to a visual angle of up to 6°.
PBF04, circular field: concentric edge, grey-cross detection
All 15 subjects perceived static and kinetic presentations of the concentric circular field (percept seen). In the kinetic case 9 subjects chose the 'expected image' (O) (percept identified) and also identified the grey-cross. Six subjects chose the base image (N) and failed to observe the grey-cross. In the static case 11 subjects identified the 'expected image', and grey-cross, 3 chose the base image (N) and 1 the alternative image (V).
PBF05, Sloan optotypes: familiar test target
The subjects found the optotypes the most familiar and identifiable image. The static case only was presented. Twelve subjects identified all 9 characters and the remaining 3 subjects correctly identified 8 characters. The central 'N' was most frequently perceived first (11/15) and the commonest error was differentiating 'C' from 'O' (2/3). No subject was able to perceive more than one letter simultaneously.
PBF06, random dots: no continuous edges, grey-cross detection
The random dot pattern was the most difficult image to perceive. All 15 subjects saw the kinetic image, (percept detected), 9 both identified the 'expected image' (P) and the grey-cross, 6 identified the base image (O). In the static case, 13 perceived the image (percept detected); 9 both identified the 'expected image' (P) and the grey-cross (P); one subject identified the base image (O) and 3 chose the alternative image (T).
Controls
Two control experiments used kinetic and static checkerboard stimuli. This pattern was used as it is the strongest visual stimulus and fills the whole of the viewing area. All 15 subjects detected the stimulus with the quarter-wave retarder orientated parallel/ perpendicular to the axes of input polarization (QW0) i.e. in neutral position without affecting output polarization. No subjects detected the stimulus with the retarder orientated at 45°(QW45) i.e. circular polarization output. No percept was detected by any subject with the device in yellow filter configuration. This confirms that the observed phenomenon is due to linear polarization detection and excludes non-polarized luminance effects generated by the dLCD. The absence of a response with the dLCD in yellow configuration again excludes the relevance of luminance changes and confirms that, like HP, the percepts are not visible at wavelengths >500 nm. 
Discussion
All subjects detected the kinetic HP with the alternating uniform field. This contrasts with the static uniform field where 20% of subjects perceived static HP. Static HP, when perceived, faded within 3 s. This property is well-described (e.g. Helmholtz 1924) and results from local retinal adaptation (Troxler effect).
The generation of HP by an alternating uniform polarization field is an advance on classical methods using a rotating polarizer. The method dispenses with mechanical apparatus which are cumbersome and have disadvantages such as complexity and reliability. Furthermore, visibility of HP is enhanced by the abrupt polarization change that can be achieved by the LCD device.
The results of this study demonstrate that patterned polarization stimuli are readily perceived not only in kinetic patternreversal states, but also in static presentation. Troxler fading of conventional static patterned luminance images is overcome by microsaccadic and other eye movements constantly refreshing retinal receptive fields (Martinez-Conde et al., 2013) . Observing a uniform DPF elicits a static HP percept which rapidly fades despite eye movements because the HP image, generated by macular structures, does not move relative to the photoreceptor mosaic. Fading of HP is overcome by refreshing the retinal image such as by blinking (re-exposure), or changing polarization direction (McGregor et al., 2014) . Dividing the observed field into two or more orthogonally polarized zones with discrete edges has a similar effect to altering the polarization state of a uniform field in that microsaccadic movements of gaze across boundaries constantly refresh areas of the retina with alternating states of polarization. The dynamic properties of microsaccades are sufficient to overcome fading time so the percept persists.
The visibility of static non-uniform stimuli can thus be explained by constant motion of the polarization pattern over the macular retina due to eye movements overcoming the Troxler effect. This relative movement is absent for a uniform field and the percept fades.
The number of horizontal/vertical squares perceived in the static and kinetic checkerboard stimulus corresponds to a visual angle 6 6°. Perception of patterned polarization images is confined to the central visual field as demonstrated by the finding that single optotypes only are instantaneously visible in any one direction of gaze.
A minimum value for the resolution of the phenomenon can be estimated. Each optotype, for the particular viewing system used in this study, subtends 1.25°at the nodal point of the eye i.e. has a line/gap width of 0.25 (15' arc). Resolution of these optotypes therefore corresponds to an acuity of at least log 10 (15) = 1.18 Log-MAR or roughly 2.6 cycles per degree. Furthermore the random dot pattern, comprising pixels 0.063°(3.8') square, were detected by 13/15 subjects. This implies an upper bound of 0.58 LogMAR or approximately 8 cycles per degree.
When questioned, the majority of subjects volunteered or confirmed that they could see a cross-like pattern superimposed on the circle and random-dot kinetic patterned stimuli (PBF 04 and 06). This is supported by the identification of images on the test chart. The cross has half the maximum intensity of the percept which may account for fewer observations with static compared to kinetic stimuli.
Conclusions
This study establishes both theoretically and experimentally that human polarization sensitivity extends beyond Haidinger's phenomenon. Whilst humans lack the necessary substrate for true polarization vision as previously defined, under appropriate conditions, patterned polarization visual stimuli are perceived as formed and recognizable images.
A general theory of human polarization perception is presented and experimentally confirmed. At its simplest it explains HP. When applied to non-uniform polarization fields this theory predicts a set of novel percepts that are confirmed in normal human subjects.
The current study advances a theoretical model of HP to determine the form of images perceived when viewing non-uniform polarization field stimuli. Using this theory, images comprising patterns including discrete edges were computed and experimentally verified in a physical model and in normal human subjects. This initial study is confined to base patterns with orthogonal states of a high degree of linear polarization. The theory developed in this study is however generally applicable to any polarization orientation for any region of the base image.
The theoretical findings were initially verified in a physical model comprising a delaminated LCD polarization base image generator. This is observed through either a linear or tangential polarizer. The linear polarizer converts the dLCD into a conventional LCD and the resulting image in an intensity modulated representation of the PBF. The radial analyser model is based on the assumed optical properties of the human macula. The radial/tangential polarizer transforms the polarization base image into an intensitymodulated image which is a representation of the transformed PBF. This image conforms to that predicted by the radial analyser model. It is therefore predicted that the radial analyser transformed PBF images will be perceived when polarizationmodulated PBFs are observed by the human eye.
The dLCD device is used to confirm, for the first time, human perception of polarization-modulated visual stimuli. The device generates HP if a uniform polarization stimulus is used and induces percepts as predicted by theory for non-uniform polarization stimuli. The presence of edges enhances the perception of patterned polarization stimuli.
An unexpected finding was the ease of perception of static patterned stimuli. A possible mechanism is the abolition of Troxler fading by the effect of constant relative motion of the retinal image due to microsaccadic and voluntary eye movements.
The quarter-wave and yellow filter controls demonstrate that the percepts could only be elicited by linearly polarized isoluminant stimuli within the blue part of the visible spectrum. Perception of elliptical polarization is under further investigation.
The patterns of human percepts correspond to those predicted by radial analyser theory. The resultant percepts have several principle properties in common. Although base pattern edges are mostly preserved, they are attenuated as they approach axes at ±45°to the plane of input linear polarization. These axes form the limbs of a cross-like pattern of attenuating contrast (grey cross) that divides the percept into quadrants. Opposite quadrants have similar patterns of luminosity whereas adjacent quadrants are complimentary.
All percepts were readily identified by most subjects including the unfamiliar patterns generated by geometric base patterns. Because of the edge preservation property, the optotypes retain their familiarity after transformation and are most easily identified.
Limitation of the extent of the percept, including HP, in the visual field relates to the dimensions of the polarization-sensitive part of the macula. Macular pigment is concentrated in a circular/elliptical area centred on the foveola. It shows varying distributions (Sharifzadeh et al., 2006) , but typically reaches half central (maximum) concentration at 1-2°eccentricity (2-4°diameter of central field = approx 600-1200 lm retinal distance) and is undetectable by 6°eccentricity (Hammond et al., 1997) . This matches the findings of the present study which confines the percept to the central 6°of visual field (i.e. within a 3°radius from the point of fixation).
The cause of HP, and by implication the phenomena described in the present study, relies on the structural integrity of the macula. The sensitivity of HP to macular disease is well established. However, testing for HP in clinical practice is infrequent due to difficulty in seeing the phenomenon, lack of diagnostic specificity and the unavailability of adequate diagnostic devices. The human perception of non-uniform polarization fields, especially those representing easily recognisable symbols (e.g. optotypes), opens a further avenue in the detection, early diagnosis, measurement, monitoring and self-monitoring of macular disease.
Diagnostic utility of this approach to macular function testing will be increased by quantification of the polarization phenomena.
The approach presented in this paper to the perception of polarized images opens a new research area. It provides a method of exploring and understanding an innate human attribute. It also describes a unique approach to presenting polarization-encoded information to the human eye. This may have relevance, for example, in psychophysical testing and electrodiagnostic investigation (e.g. pattern-evoked electroretinography or cortical responses) of human visual function in general and macular function in particular.
The principle assumption of the present study is that the macula acts as a radial analyser due to the radially symmetric architecture of macular structures and aligned pleochroic macular pigment molecules contained therein. Mechanisms for polarization detection vary throughout the animal kingdom (Roberts et al., 2011; Wehner 2001) . The radial analyser model is therefore valid only for eyes with this anatomy such as humans and possibly other primates.
The conditions of the present study are artificial in that high degrees of polarization and sharply-defined geometric polarizations patterns are rare or do not occur in the natural optical environment. However, exposure to artificial light sources with high degrees of polarization is now common (e.g. LCD screens). It therefore remains to be determined if human polarization sensitivity is relevant under natural and artificial conditions.
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